As the roles continue to expand for the unmanned air vehicle (UAV) to include multi-mission tasks, the flight envelope for the UAV is expanding to such a degree that the dynamics of the airframe are becoming increasingly complicated. Already nonlinear, the dynamics are coupled with the uncertainties of the environment, and seized by unpredictable failures including sensor failures, surface failures, or structural damage. Therefore, there is a practical need to develop adaptive and robust controllers, which can adapt to disturbances and sudden dynamic failures. This paper will examine the development of the underlying nonlinear theory required to address the need for greater robustness to environmental and structural constraints in UAV flight control problems. Specifically, the proposed nonlinear controller will have the capability of addressing the issue of uncertainties in a nonlinear model due to the lack of observable states. This paper will implement a finite time output feedback technique coupled with a partially bounded nonlinear control to globally stabilize a planar model of a PVTOL aircraft. The controller will make use of a partially bounded state feedback controller coupled with an observer that will converge in finite-time for a nonlinear aircraft model.
I. Introduction
Research in the area of intelligent unmanned air vehicles (UAV) has grown in importance over the last decade as the operational requirements for such vehicles have increased in both military and civilian sectors. As seen over the last few years, the effectiveness of the UAV to provide both real-time reconnaissance and limited strike support has been proven in a tactical environment. As the mission of the UAV continues to evolve over the course of the next few decades to include such roles as combat air patrol, interdiction-strike, close air support, the need for both adaptive and robust flight controls becomes increasingly imperative. It is possible that the future UAV will be required to perform multi-role missions and therefore must be able to perform a reconnaissance mission during one sortie and follow up with a close air support sortie the next. Not only does the dynamics of the aircraft change as the mission roles change but the flight control system is taxed and will require additional intelligence, robustness, and adaptability. Furthermore, the future UAV can be expected to have an expanded performance envelope which allows the vehicle to operate in stability regions not typically seen in current manned combat aircraft. This increased performance will mean greater maneuverability but at the cost of ever harsher stability requirements. The nonlinear dynamics of the UAV operating in an uncertain and changing environment will require the implementation of new flight control tools which can provide even greater robustness to uncertain vehicle dynamics, environmental disturbances, structural and sensor failures, and changing vehicle conditions.
The problem of controlling such highly nonlinear and unstable dynamics as seen in the UAV requires more powerful control tools and techniques to be developed or refined. Adaptive and robust nonlinear control theory, developed to counteract the effects of nonlinear uncertainties which abound within the dynamics of the systems, is one such tool that can be applied to the problem of autonomous control of UAVs. Yet, most of the existing schemes that have been developed over the last two decades have restrictive and unrealistic assumptions applied to them, such as the requirements of full information of the states, exact knowledge of the dynamic model, and unchanging or slowly changing operating conditions. Unfortunately, in solving the control problem of the UAV, such restrictions should not be assumed due to the existing environmental and structural constraints. Therefore, in order to build a reliable and survivable UAV which achieves a very high level of mission success, more sophisticated control schemes need to be developed to accommodate the unexpected environmental and model uncertainties that could constrain the effectiveness of the UAV.
A particularly challenging design issue is the control of a vertical takeoff and landing aircraft. This problem has been examined by such works as,
and.
1
A particular issue is the non-minimum phase characteristics of the aircraft dynamics. In, 4 a minimum phase system approximately models the non-minimum system. A saturation control technique was implemented in.
6
This paper continues to examination of the problem of the control of the aircraft model of the Planar Vertical Takeoff and Landing (PVTOL) aircraft originally used in. 4 We will assume that only limited state measurements are available and will develop a finite-time observer. This observer used in conjugation with the partially bounded nonlinear controller developed from 6 will be shown to globally stabilize the PVTOL aircraft in finitetime.
Section II is the Problem Formulation and will introduce the PVTOL model, Section III will discuss the controller and finite-time observer design, Section IV is the simulation results for the PVTOL model, and the conclusion and future work is in Section V.
II. Problem Formulation and Preliminaries
In this paper, we consider the following PVTOL aircraft model described by
where x and z are the center of mass horizontal and vertical position; θ is the roll angle of the aircraft with the horizon; y is the output; u 1 and u 2 are the thrust and the angular acceleration. The parameter ε is a small coefficient which characterizes the coupling between the rolling moment and the lateral acceleration of the aircraft.
The objective of this paper is to design an output feedback controller of the forṁ
such that the closed-loop system (1)- (2) is globally asymptotically stable. In order to design the output feedback controller, in what follows we list the definition of homogeneity and several useful lemmas.
The continuous systemẋ = f (x) is globally finite-time stable if it is globally asymptotically stable and homogeneous of degree k < 0. Lemma 2 The following systemẋ
is globally finite-time stable, where
Then we obtain the derivative of V (x 1 , x 2 ) along system (3) iṡ
Using Lasalle's theorem, we obtain system (3) is globally asymptotically stable. According to Definition 1, it is also easy to verify that system (3) is homogeneous of degree k = α 1 − 1 < 0 with respect to the dilation (1, α 1 ). Using Lemma 1, we obtain system (3) is globally finitetime stable.
III. Main Results
In this section, we first give a state feedback controller introduced in the work. 6 Then, since only the output y is available, we design an observer which will be used to estimate the unmeasurable states in a finite time.
A. Controller Design
In this subsection, we borrow from the paper 6 a state feedback law to stabilize system (1). First, using the following change of coordinates
the system (1) can be transformed intȯ
one has sin(x 5d ) = −r 1
This, together with (6) and (5) showẋ
For the above linear system, the following bounded controller can be designed
with
where a =
The following result was given in 6 for the state feedback stabilization of system (5)
with r 1 , r 2 defined as (8), σ 3i , i = 1, 2 defined as (9) and e = x 5 − x 5d , globally asymptotically stabilizes system (5).
B. Observer Design
In the previous subsection, we assume that all the states (x 1 , x 2 , x 3 , x 4 , x 5 , x 6 ) are available for controller design. While in practice, due to the unexpected breakdown of the sensors, some of the states are not measurable, which will make the controller designed in Lemma 3 not implementable. In this subsection, we will design a global stabilizer using output feedback y which is only depending on (x 1 , x 3 , x 5 ). Theorem 1: There exists an output feedback law of the form (2), which globally stabilizes system (1).
Proof: Using (4), system (1) can be transformed to system (5). If we can design the observers such that the states x 2 , x 4 , x 6 can be estimated byx 2 ,x 4 ,x 6 in finite time, then by replacing x 2 , x 4 , x 6 withx 2 ,x 4 ,x 6 , we will obtain the desired output control law from (10). Now let us design the observers. We first design the observer to estimate x 6 . The observer is designed as :ẋ Using Lemma 2, we obtain system (12) is globally finite-time stable. It implies that there exists a time T 1 such that for t ≥ T 1 , x 6 =x 6 .
Following the similar line shown in the observer design for x 6 , we estimate x 2 as followṡ
By defining the error as
the error dynamics between (5) and (13) iṡ
Note that for t ≥ T 1 , we obtain x 6 =x 6 . It follows that for t ≥ T 1
It is easy to verify from Lemma 2 that system (14) is globally finite-time stable. Therefore, there exists a time T 2 ≥ T 1 such that for t ≥ T 2 , x 2 =x 2 , x 6 =x 6 . Finally, we design the observer to estimate x 4 . The observer is designed aṡ
Define
This, together with (5) and (15) 6 are generated by the following observers:
It has been proved that for 6 ). Hence, the output control law (17) reduces to the state-feedback law (10). If we can prove the states x i will not diverge to infinity as the statesx i , i = 2, 4, 6 approach x i , i = 2, 4, 6, the global stabilization result can be readily concluded.
In what follows we will prove the boundedness of the states x i , i = 1, · · · , 6 at any finitetime interval T .
Substituting (17) into (5) leads tȯ
Note that x 5d = arctan
. It followṡ
It can be seen from (9) that
By (9), (21) and (22), we obtainσ 12 (x 1 , x 2 ),σ 12 (x 1 , x 2 ) andσ 22 (x 3 , x 4 ),σ 22 (x 3 , x 4 ) are bounded by some positive constants, which in turn implies thatṙ 1 ,r 1 andṙ 2 ,r 2 are bounded. Letr
Clearly,r i ,r i ,r i , i = 1, 2 are also bounded. It can be concluded from (20) thaṫ
is bounded. Let the Lyapunov function be
We obtain the derivative of V 3 (x 1 , x 2 , x 3 , x 4 , x 5 , x 6 ) along system (18) yields 
It implies the states x 1 , · · · , x 6 are bounded for any finite-time interval [0, T ]. This completes the proof.
IV. Simulation Results
In this section, to verify the effectiveness of the control method proposed in this paper, we give some simulation results. Let the parameters of control law (17) Then under control law (17), the simulation results are given as follows.
V. Conclusion
This paper examined the control of a nonlinear coupled planar model of a PVTOL aircraft. A partially bounded state feedback controller developed in 6 was used in conjugation with a finite-time observer to stabilize the PVTOL model. The controller was shown to stabilize the aircraft model in Matlab. Currently, a new controller is being developed to be used with the finite-time observer. 
